The tumor suppressor gene PTEN/MMAC1 is located on chromosome 10q23.3. Inactivation of PTEN, either by mutations, deletions, or promoter hypermethylation, has been identified in a wide variety of tumors. Inactivation of the two alleles of PTEN is required, because it is a tumor suppressor gene. Immunohistochemical staining may be an effective screening method to demonstrate the absence of the protein in tumors exhibiting PTEN inactivation. We studied a tissue microarray, constructed from paraffin-embedded blocks of 95 endometrial carcinomas, 38 of them previously evaluated for alterations in PTEN. We also studied cell blocks obtained from one PTEN-defective endometrial cancer cell line, after transfection with either a plasmid encoding wild-type PTEN or the empty vector. The tumor samples were tested with four different anti-PTEN commercial antibodies: a polyclonal antibody, the monoclonal antibody 28H6, the monoclonal antibody 10P03, and the monoclonal antibody 6.H2.1. Results were correlated with the presence of abnormalities in PTEN, as well as with the immunohistochemical expression of phosphorylated AKT. Antibody 28H6 produced a predominant nuclear staining, while the other three antibodies produced a predominant cytoplasmic staining. There was no significant correlation between the results obtained with the four antibodies. The monoclonal antibody 6.H2.1 was the only one that exhibited a correlation with the presence of molecular alterations in PTEN, and a statistically significant association with immunostaining for phosphorylated AKT (r ¼ À0. The tumor suppressor gene PTEN 1 is located on chromosome 10q23. It is somatically mutated or deleted in several types of tumors.
The tumor suppressor gene PTEN 1 is located on chromosome 10q23. It is somatically mutated or deleted in several types of tumors. 2, 3 PTEN encodes a 403 amino-acid dual specificity phosphatase containing a region of homology to tensin and auxilin, which are two cytoskeletal proteins. Among other activities, PTEN antagonizes the PI3K/AKT pathway by dephosphorylating PIP3, resulting in a decreased translocation of AKT to cellular membranes, and subsequent downregulation of AKT phosphorylation and activation. 4, 5 The PI3K/AKT pathway plays a key role in the regulation of cellular homeostasis. Activation of cell surface receptors recruits PI3-K to the receptor where it phosphorylates the PtdIns(4,5)P2 substrate to generate PtdIns(3,4,5)P3, which is recognized by the protein kinase AKT and its regulator PDK1. In the cell membrane, AKT is phosphrylated in serine and threonine residues. Activated AKT modulates the expression of several genes involved in suppression of apoptosis and cell cycle progression.
PTEN has been implicated in an important number of human tumors of different sites, such as the thyroid, endometrium, brain, prostate, or in melanomas. 1 Inactivation of the two alleles of PTEN, by mutation or deletion, is required because it is a tumor suppressor gene. Since the frequency of PTEN suppression in some tumors exceeds those of PTEN mutations or deletions, it has been suggested that promoter hypermethylation may also account for its inactivation in a subset of tumors. 6, 7 Several studies have suggested that the immunohistochemical evaluation of PTEN expression may be an effective screening method that can demonstrate the absence of the protein in a lesion, whatever the underlying mechanism. 8 However, some variability has been observed with different antibodies and techniques, [9] [10] [11] particularly when correlating the immunohistochemical results with the presence of molecular alterations.
In the present study, we tested the immunohistochemical performance characteristics of four anti-PTEN antibodies that are commercially available on a tissue microarray of 95 endometrial carcinomas, 38 of them previously characterized at the molecular level for mutations, 12 loss of heterozygosity, and promoter hypermethylation of PTEN. 13 Immunohistochemical results were correlated with abnormalities in the gene, and with immunostaining of phosphorylated AKT (phospho-AKT). Cell blocks from the PTEN-deficient, Ishikawa 3-H-12 cell line after transfection with either a plasmid encoding wild-type PTEN or the empty vector were also stained. The main goal of the study was to ascertain the best immunohistochemical approach to assess the presence of abnormalities in PTEN.
Materials and methods

Case Selection and Tissue Microarray Design
A tissue microarray was constructed from paraffinembedded blocks of 95 endometrial carcinomas. They were obtained from the Department of Pathology of Hospital Santa Creu i Sant Pau, Barcelona, Spain. The specimens were collected between 1996 and 2001. They included: 25 endometrioid carcinomas grade I, 34 endometrioid carcinomas grade II, 19 endometrioid carcinomas grade III, 10 serous carcinomas, four clear cell carcinomas, and the epithelial components of three malignant mixed Mü llerian tumors.
A Tissue arrayer device (Beecher Instrument, MD, USA) was used. All endometrial carcinomas were histologically reviewed and representative tumor areas were marked in the corresponding paraffin blocks. Two selected cylinders (0.6 mm in largest diameter) from two different tumor areas were included for each case. Normal control tissues from the same specimens were also included. Thus, two different tissue microarray blocks were constructed; each of them contained 186 cylinders.
Of the 95 endometrial carcinomas, 38 had been previously evaluated for mutations in PTEN, 12 as well as for loss of heterozygosity analysis at 10q23, and promoter hypermethylation. 13 PTEN mutations were detected in 17 of the 38 tumors (44.7%); missense mutations in four patients; and frameshift mutations in the remaining 13 cases. Two tumors exhibited two different mutations, and all four were missense mutations. Loss of heterozygosity was analyzed by microsatellite PCR in four different loci, and it was detected at one or more loci in nine tumors (23.6%). Methylation-specific PCR demonstrated PTEN promoter hypermethylation in five endometrial carcinomas (13%). Overall, 22 of the 38 endometrial carcinomas (57.8%) presented at least one type of PTEN abnormality. Moreover, the two hits required for the inactivation of a tumor suppressor gene (coexistence of somatic mutation, and/or hypermethylation, and/or loss of heterozygosity) occurred in 10 endometrial carcinomas (26%).
The Ishikawa 3-H-12 cell line was obtained from the American Type Culture Collection (Manassas, VA, USA). Ishikawa 3-H-12 cells 14, 15 contain two frameshift mutations in PTEN, a deletion of one base pair at codon 289, and a deletion of four base pairs at codons 317-318. These mutations result in a truncated protein that lacks the carboxy-terminal region. Cells were grown in Dulbeco's modified Eagle's Medium supplemented with 10% fetal bovine serum, 1 mM HEPES, 1 mM sodium pyruvate, 2 mM L-glutamine and penicillin/streptomycin. For transfection, Ishikawa 3-H-12 cells were plated in M24-well dishes and transfected with a plasmid containing cDNA for PTEN (PRK5-PTEN) or the empty vector (PRK5) using polyethylenimide reagent. Separate samples containing cells transfected with the empty vector or the plasmid encoding for PTEN were harvested by trypsinization and embedded in 1% agarose in phosphatebuffered saline, fixed in formalin, and embedded in paraffin.
Immunohistochemistry
Tissue microarray blocks, and paraffin-embedded blocks of Ishikawa 3-H-12 cells transfected with PRK5 or PRK5-PTEN were sectioned at a thickness of 3 mm, and dried for 16 h at 561C. They were dewaxed in xylene, rehydrated through a graded ethanol series, and washed with phosphate-buffered saline. Antigen retrieval was achieved by heat treatment in a pressure-cooker for 2 min in 10 mM citrate buffer (pH 6.5) or EDTA buffer (pH 8.0) ( Table 1 ). Endogenous peroxidase was blocked. The antibodies used are described in Table 1 . Four different anti-PTEN commercial antibodies were used: polyclonal antibody from Zymed, monoclonal antibody 28H6 from Novocastra, monoclonal antibody 10P03 from Neomarkers, and monoclonal antibody 6H2.1 from Cascade Bioscience. All four antibodies were made to react against epitopes located in the carboxy-terminal region of PTEN. An antiphosphorylated-AKT polyclonal antibody from Cell Signalling was also used. The sections were incubated during 30 min with the polyclonal antibody, the monoclonal antibody 28H6, and the antiphosphorylated-AKT antibody. The 10P03 antibody and the 6H2.1 were incubated overnight at 41C. The reaction was visualized with the EnVision Detection Kit (DAKO, Glostrup, Denmark) using diaminobenzidine chromogen as substrate. Sections were counterstained with Harris hematoxylin. The immunohistochemical reactions were performed in a Dako Autostainer LV-1 immunostainer. Endometrial stroma was used as a positive control and the negative control was run without addition of the primary antibody. Antigen preservation was verified with vimentin and Ki-67 immunostaining. Only samples exhibiting positive vimentin and Ki-67 staining, as well as optimal internal control were evaluated.
Immunohistochemical results were evaluated by two different pathologists (XM-G, and JP). Uniform pre-established criteria were used. Immunoreactivity was graded semiquantitatively by considering the percentage and intensity of the staining of the tumor cells. A histological score was obtained from each sample, which ranged from 0 (no immunoreaction) to 300 (maximum immunoreactivity). The score was obtained by applying the following formula: Hscore ¼ 1 Â (% light staining) þ 2 Â (% moderate staining) þ 3 Â (% strong staining). The Hscore formula was applied for the polyclonal antibody, and the 10P03, and 6H2.1 monoclonal antibodies. Immunostaining for 28H6 was assessed by considering the percentage of positive cells because the positivity was homogeneous in each tumor sample. Since each tissue microarray included two different tumor cylinders from each case, immunohistochemical evaluation was performed after examining both samples.
Validation of the Tissue Microarray
The reproducibility of tissue microarray immunostaining was confirmed by comparing tissue microarray results with those obtained in sections from the corresponding paraffin blocks of 37 randomly selected cases. The overall concordance was 89.2%. The Kappa index of agreement between the two methods ranged from 0.68 to 0.83.
Statistical Analysis
The Wilcoxon rank sum was used to assess association between quantitative and dichotomous variables. The Spearman rank correlation coefficient was used to assess association between quantitative variables.
Results
From the 95 cases of the tissue microarray, two cases were excluded because there was no representative tumor sample. The number of cylinders missed in the construction of the tissue microarray varied from two to fifteen cases. Six cases were excluded because unreliable antigen preservation verified with vimentin and Ki67 immunostaining. Results are shown in Table 2 .
The 10P03 antibody was evaluated in 76 cases. A total of 11 cases were missed in the construction of the tissue microarray and two cases had no representative tumor. Cytoplasmic staining was found in 55 cases (72%) and varied from an Hscore of 10 to 290 (mean ¼ 58). Nuclear positive staining was not observed (Figure 1) .
The 28H6 antibody was evaluated in 80 cases. Seven cases were missed and two cases had no Antibodies against PTEN J Pallares et al representative tumor sample. Predominant nuclear staining was seen in 63 cases (79%) (Figure 2 ). The polyclonal antibody was evaluated in 82 cases. Five cases were missed in the tissue microarray construction and two cases had no representative tumor. All cases showed cytoplasmic staining (100%), and the intensity varied from low to high (mean ¼ 130; min. 10, max. 300) (Figure 3) . The 6H2.1 antibody was evaluated in 72 cases. In all, 15 cylinders were missed in the tissue microarray construction and two cases had no representative tumor. Positive cytoplasmic staining was noted in 50 cases (69%) and the intensity varied from an Hscore of 5 to 290 (mean: 46) (Figure 4) .
Overall, there was no significant correlation between the results obtained with the four antibodies. However, it is worth mentioning that the monoclonal antibody 6H2.1 had a significant negative correlation with the polyclonal antibody (r ¼ À0.337; P ¼ 0.005). Phospho-AKT was evaluated in 83 cases. Three cases were missed and three cases had no tumor left for evaluation. Granular cytoplasmic staining was seen in 40 cases (48%) (mean ¼ 20; min. 0, max. 235) ( Figure 5 ). There was a statistically significant negative correlation between the immunoexpression of PTEN with the 6H2.1 antibody and phospho-AKT (r ¼ À0.249) (P ¼ 0.037). Cases exhibiting low PTEN staining with the 6H2.1 antibody showed an increase in phospho-AKT immunostaining. The monoclonal antibody 10P03 exhibited an association with phospho-AKT, which did not have statistical significance (r ¼ À0.05) (P ¼ 0.388). There was no negative correlation between PTEN immunostaining assessed either by the polyclonal antibody (r ¼ 0.379) (P ¼ 0.0005) or the monoclonal antibody 28H6 and the presence of positive immunostaining for phospho-AKT.
There was no statistically significant correlation between the presence of molecular alterations of PTEN (mutations, deletions, and promoter hypermethylation) and the immunohistochemical results with any of the four antibodies (see Table 3 ). However, the 6H2.1 antibody was the only one that showed lower immunostaining in the tumors that exhibited PTEN molecular alterations (mean Hscore 43) in comparison with those with normal PTEN (mean Hscore 65.5) ( Table 3) . For the remaining antibodies, the mean Hscore (polyclonal antibody and 10P03) was higher in tumors with molecular alterations of PTEN in comparison with those showing normal PTEN. Moreover, the percentage of positive cells for the monoclonal antibody 28H6 in the tumors with molecular alterations in PTEN was very high (80%).
Both 6.H2.1 and 10P03 antibodies stained PTEN transfected, Ishikawa 3-H-12 cells, and were negative in the PTEN-deficient Ishikawa 3-H-12 cell line blocks (Figures 6 and 7) . The polyclonal antibody, and the monoclonal antibody 28H6 produced positive staining in both PTEN-deficient and PTEN transfected, Ishikawa 3-H-12 cell line blocks, suggesting nonspecific staining.
Finally, there was no statistical association between PTEN or AKT-P expression and the clinical and pathological data, including histological grade.
Discussion
The tumor suppressor gene named PTEN (phosphatase and tensin homologue deleted from chromosome 10), 1 also called MMAC1 (mutated in multiple advanced cancers), is located on chromosome 10q23. 3.
1,2 Its amino-acid sequence indicates that the protein resembles two different types of proteins: tyrosine phosphatases, which are enzymes that remove phosphate groups from the amino acid tyrosine in other proteins, and tensin, a protein that helps connecting the cell's internal skeleton of protein filaments to its external environment. PTEN antagonizes the PI3K/AKT pathway by dephosphorylating PIP3, which results in a decreased translocation of AKT to cellular membranes, and subsequent downregulation of AKT phosphorylation activation. 4, 5 Thus, decreased expression of PTEN leads to increased levels of phospho-AKT, which results in an activation of antiapoptotic proteins (BAD), inactivation of members of the forkhead family of transcription factors (FKHRL1) as well as inactivation of proteins involved in cell cycle progression (p27 and p21). Both suppression of apoptosis and induction of cell cycle are processes involved in cancer development. PTEN may be inactivated by several mechanisms. PTEN is mutated in the germline of patients with a rare autosomal dominant cancer syndrome called Cowden's disease, and its variants. 16 However, PTEN is also frequently somatically mutated in tumors from various tissues. 2, 3 Germline and somatic mutations in PTEN occur mostly in the phosphatase domain, between residues 122 and 132, in exon 5. Altogether, 75% of the germline mutations correspond to nonsense (36%), frameshift (27%), and splice-site mutations (11%), which result in a truncated protein, while missense point mutations represent the remaining 25%. The spectrum of somatic mutations shows characteristic features for the tumors of different organs. For example, in endometrial carcinoma, 60% of the mutations are frameshift, while they account for 37% in glioblastomas.
2,3 PTEN may be also inactivated by deletion, as shown by the elevated frequency of loss of heterozygosity in different tumor types. 17, 18 Finally, a third proposed mechanism for PTEN inactivation is promoter hypermethylation. 6, 7 However, the true significance of PTEN promoter methylation is under discussion. 19, 20 Some controversy exists in the literature regarding the possible interference of a processed PTEN pseudogene (psiPTEN) with PTEN. psiPTEN is located on chromosome 9, and the genomic sequence has a 1.2 kb region with 98% homology to the entire coding region of PTEN. 20 The homology region includes the promoter. psiPTEN may also interfere at the mRNA level in molecular studies, because the mRNA sequence of these genes shares a high degee of homology. Despite the possible interference with mRNA, no evidence of translation to protein of the psiPTEN mRNA in endometrial carcinoma has been reported so far. Since the frequency of PTEN suppression in some types of tumors exceeds that of PTEN mutations or deletions, it is very likely that epigenetic mechanisms, like promoter hypermethylation, may account for its inactivation in some cases. PTEN is frequently abnormal in endometrial carcinomas. Loss of heterozygosity at chromosome 10q23 occurs in 40% of cases. 21, 22 Moreover, somatic PTEN mutations are also common in endometrial carcinomas, and they are almost exclusively restricted to endometrioid endometrial carcinomas, occurring in 37-61% of them. 12, [23] [24] [25] Interestingly, PTEN mutations have been detected in endometrial hyperplasias with and without atypia (19 and 21%, respectively), both of them currently regarded as precursor lesions of endometrioid endometrial carcinomas. 26 Even more, identical PTEN mutations have been detected in hyperplasias coexisting with endometrioid endometrial carcinomas, which suggests that PTEN mutations are early events in the development of endometrioid endometrial carcinoma.
The hypothesis that loss of functional PTEN could be identified by immunohistochemistry has led to the suggestion that PTEN immunostaining may be an effective method to screen for abnormal PTEN expression in tumors and premalignant lesions. 8 At this regard, the important role of PTEN in endometrial tumorigenesis has prompted some authors to suggest that the immunohistochemical demonstration of decreased PTEN expression or function in endometrial biopsies may be clinically relevant to identify premalignant lesions that are likely to progress to endometrial carcinoma. Thus, PTEN immunostaining could be an important pathologic tool to assess the presence of precancerous clones in endometrial hyperplasias. 8 Immunohistochemistry has become an indispensable tool in diagnostic and experimental pathology. However, it is important to standardize immunohistochemical techniques to avoid interlaboratory variations in staining and interpretation, which could have an impact in the management of patients. Obviously, the selection of the most appropriate antibody is crucial to obtain reliable and reproducible results. Some studies have assessed the specificity of staining of other antibodies used in immunohistochemistry. 27 In addition to the specificity of the antibody. It is important to keep in mind that the quality of immunostaining depends also on other factors such as tissue fixation and processing, unmasking of epitopes, and sensitivity of the detection systems.
In the present study, we assessed the immunohistochemical performance characteristics of four anti-PTEN antibodies that are commercially available. The immunohistochemical results were correlated with the presence of mutations, deletions, and promoter hypermethylation of PTEN in 38 cases. Since PTEN acts as an antagonist of PI3-kinasedependent signalling pathway, the results were also correlated with positivity for phosphoAKT.
We observed a wide variability in the results obtained with the four antibodies, and the concordance between them was poor. Three of the antibodies demonstrated a positive cytoplasmic staining (the polyclonal antibody, and the monoclonal antibodies 10P03 and 6.H2.1), while the monoclonal antibody 28H6 showed a predominant positive nuclear staining.
Since it is well known that decreased expression of PTEN leads to increased levels of phospho-AKT, PTEN immunostaining with each of these four antibodies was correlated with immunoreaction for phospho-AKT, which specifically recognizes phosphorylation on serine 473 of the Akt. The specificity of phospho-Akt antibody has been previously demonstrated in mice with deletion of PTEN.
28
Immunoreactivity for phospho-AKT was obtained in 48% of the cases. Positive phospho-AKT immunostaining exhibited a statistically significant association with decreased staining with the monoclonal antibody 6.H2.1. It also showed an association with negative immunostaining with the monoclonal antibody 10P03, but the results did not show statistical significance. Results obtained with the polyclonal antibody, and the monoclonal antibody 28H6 did not correlate with phospho-AKT immunostaining.
Immunohistochemical results were also correlated with the presence of molecular alterations of PTEN (mutations, loss of heterozygosity, or promoter hypermethylation) in 38 cases. The results obtained with the four tested antibodies did not get statistically significant associations with these molecular alterations. However, the 6H2.1 antibody was the only one that showed lower immunostaining in the tumors that exhibited PTEN alterations in comparison with those with normal PTEN. The other antibodies showed unexpected results. For example, the mean Hscores obtained with the polyclonal antibody and the 10P03 monoclonal antibody were higher in tumors with molecular alterations of PTEN in comparison with those showing normal PTEN. Moreover, the monoclonal antibody 28H6 produced a strong positive nuclear pattern in the vast majority (80%) of tumors with molecular alterations of PTEN, which are supposed to exhibit decreased PTEN protein expression or function.
To provide further evidence of the specificity of the four antibodies, we performed immunohistochemical analysis on paraffin-embedded cell blocks, obtained from the PTEN-defective Ishikawa 3-H-12 endometrial cancer cell line transfected with a vector encoding wild-type PTEN or the control empty vector. Both 6.H2.1 and 10P03 antibodies stained PTEN-transfected cells, and were negative in the PTEN-deficient cell line blocks. The polyclonal antibody and the monoclonal antibody 28H6 produced positive staining in PTEN-deficient cell line blocks, suggesting nonspecific staining.
Taken together, our results demonstrate that the polyclonal antibody and the monoclonal antibody 28H6 display nonspecific staining. The monoclonal antibody 6.H2.1 is the only antibody that correlated statistically with phospho-AKT, and also the only one to show correlation with the presence of molecular alterations in PTEN (mutations, deletions or promoter hypermethylation). These data indicate that the 6.H2.1 antibody is a suitable alternative for tumors with inactivation of PTEN.
